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Abstract
The origin of cosmic rays is one of the long-standing mysteries in physics and
astrophysics. Simple arguments suggest that a scenario of supernova remnants
(SNRs) in the Milky Way as the dominant sources for the cosmic ray popula-
tion below the knee could work: in a generic calculation, it can be shown that
these objects can provide the energy budget necessary to explain the observed
flux of cosmic rays. However, this argument is based on the assumption that
all sources behave in the same way, i.e. they all have the same energy budget,
spectral behavior and maximum energy. In this paper, we investigate if a re-
alistic population of SNRs is capable of producing the cosmic ray flux as it is
observed below the knee. We use 21 SNRs that are well-studied from radio
wavelengths up to gamma-ray energies. It could be shown previously (Mande-
lartz & Becker Tjus 2015) that the high-energy bump in the energy spectrum of
these 21 sources can be dominated by hadronic emission. Here, gamma-rays are
produced via pi0−decays from cosmic ray interactions in molecular clouds near
the supernova remnant, which serves as the cosmic ray accelerator. The cosmic
ray spectra show a large variety in their energy budget, spectral behavior and
maximum energy. These sources are assumed to be representative for the total
class of SNRs, where we assume that about 100 - 200 cosmic ray emitting SNRs
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should be present today. Finally, we use these source spectra to simulate the
cosmic ray transport from individual SNRs in the Galaxy with the GALPROP
code for cosmic ray propagation. We find that the cosmic ray budget can be
matched well for a diffusion coefficient that is close to D ∝ E0.3. A stronger
dependence on the energy, e.g. E0.5, would lead to a spectrum at Earth that is
too steep when compared to what is detected and the energy budget cannot be
matched, in particular toward high energies. We conclude that gamma-ray emit-
ting SNRs can be a representative sample of cosmic ray emitting sources. In the
future, experiments like CTA and HAWC will help to distinguish hadronic from
leptonic sources and to further constrain the maximum energy of the sources.
With better data, the uncertainties in this calculation will be reduced in order
to develop even stronger conclusions on the question if SNRs can be the sources
of Galactic cosmic rays.
Keywords: Cosmic ray spectrum, Supernova Remnants, Cosmic ray
propagation
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1. Introduction
The question of the origin of cosmic rays is one of the most crucial ones
in physics and astrophysics. Since their first detection in 1912 [1], the energy
spectrum of cosmic rays has been studied in great detail, revealing a general
power-law structure of the differential energy spectrum, dN/dE ∝ Eγ and dis-
tinct features as the two prominent breaks in the power-law at 1015 eV (the
so-called cosmic ray knee) and 1018.5 eV (the so-called cosmic ray ankle), see
e.g. reviews given in [2, 3]. Due to the deflection of these charged particles in
cosmic magnetic fields, the observed flux arrives at a very high level of isotropy
and sources are difficult to identify. During the past years, great progress has
been made to start tying the observed cosmic ray flux to specific source classes.
In particular, gamma-rays and neutrinos, arising from cosmic ray interactions in
the vicinity of their production region, could be used to start to identify the cos-
mic ray origin. These neutral particles can arise in photohadronic interactions
or in the interaction of cosmic rays with matter,
p p → pi±,0 (1)
p γ → ∆+ →
 p pi0npi+ (2)
pi+/pi− → (e+ + νe + νµ) + νµ/(e− + νe + νµ) + νµ (3)
pi0 → γγ . (4)
Here, it is assumed that all pions and muons decay before further interac-
tion/acceleration in the source.
The detection of astrophysical high-energy gamma-rays, neutrinos and charged
particles has provided us with important pieces of information on Galactic cos-
mic ray sources in the past few years:
1. Gamma-rays are in general considered an ambiguous signature, as both
bremsstrahlung and Inverse Compton scattering can contribute to a po-
tential signal from pi0−decays, see e.g. [4, 5]. There are, however, two quite
unambiguous signatures which make it possible to identify the pi0−decay
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energy spectrum: (1) The high-energy cutoff at above 100 TeV photon
energy corresponds to acceleration up to 1 PeV primary energy, assuming
that about 10% of the primary’s energy is transferred into photons. With
leptonic processes, it is extremely difficult to reach such high energies.
Future observations with HAWC and CTA, improving the sensitivity of
gamma-ray detection above 100 TeV will help finding those sources accel-
erating up to PeV-energies. (2) The low-energy cutoff in the pi0−decay
spectrum is basically independent of the power-law index of the primary
spectrum and is located at around 200 MeV photon energy. Recently, it
was possible to identify such a pronounced low-energy cutoff at 100 MeV
for the two SNRs W44 [6] and IC443 [7], using the Fermi satellite. While
these detections provide first proof that SNRs actually do accelerate cos-
mic rays, these two sources have steep energy spectra, or even an energy
cutoff in the TeV-range. The unambiguous identification of PeVatrons in
the Galaxy must be done in the future at the highest energies. Today,
about 30 gamma-ray spectra from SNRs have been detected with around
20 shell-type SNR detections with imaging air Cherenkov Telescopes at
TeV energies [8]. Although the cutoff at the highest energies could in many
cases not be identified yet, the spectral behavior up to 10 TeV gamma-ray
energy is known. This corresponds to cosmic ray proton energies of around
100 TeV, reaching to a factor of 10 below the knee. Thus, current spectra
can now be used to try to estimate a possible contribution of SNRs to the
total Galactic cosmic ray spectrum and energy budget.
2. Astrophysical neutrinos provide unambiguous proof of hadronic interac-
tions, but their detection is challenging [9]. The first experimental proof
of the existance of astrophysical high-energy neutrinos succeeded with
the 1 km3-sized IceCube detector [10, 11]. The detection in the neutrino
energy range corresponds to cosmic ray energies between approximately
600 TeV up to > 40 PeV, assuming that about 1/20th of the primary’s
energy is going into the neutrino. In a dedicated analysis of three years of
data, 37 neutrinos were detected at a background of ∼ 4− 6 atmospheric
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neutrinos per year. The approximate number of 6− 10 astrophysical neu-
trinos per year does not point towards one or a few sources, but represents
a diffuse flux from a larger number of sources. From the spatial distribu-
tion of events, it is clear that a larger fraction of the flux must come from
sources off the Galactic plane. Different estimates show that the diffuse
neutrino flux from Galactic sources can only contribute with 2− 4 events
or less [12, 13, 14, 15, 16, 17]. Future measurements with IceCube and
IceCube-Gen2 [18] will increase the number of astrophysical neutrinos with
improved pointing information. This way, it is expected that neutrino as-
trophysics will contribute significantly to disentangling the contribution
from Galactic and extragalactic sources in the energy region between the
knee and the ankle.
3. The physics of charged cosmic rays is proceeding rapidly, mainly through
the measurement and modeling of the composition-dependent energy spec-
tra of cosmic rays, see e.g. [19, 20, 21] for reviews. Up to TeV-energies,
direct measurements with balloons and satellites are possible. CREAM
data reveal a break in the nuclei spectra for helium and heavier nuclei,
which occurs around 100 GeV to 1 TeV in energy per nucleus [22, 23].
Newer AMS02-data provide an update of the proton[24] and helium [25]
spectra at high precision, where the break seen in CREAM data could
not be confirmed for helium yet. Indirect measurements of cosmic ray
air showers at above TeV energies now also provide us with information
about the light and heavy components of the cosmic ray spectrum. Us-
ing KASCADE and KASCADE-Grande, first evidence of the concrete
the composition around the cosmic ray knee and above could be recon-
structed [26, 27]. These air-shower data reveal a possible iron-knee at close
to 1017 eV, indicating that the composition above the knee is actually be-
coming heavy as it would be expected by a spectral cutoff proportional to
the charge of the nucleus. However, the exact position of this iron knee,
the question of the spectral behavior and composition at higher energies
and other details still have to be resolved. Future IceTop data, including
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information on the composition, will help to answer this question [28]. As
the region between the knee and the ankle is expected to be the transition
region between Galactic and extragalactic cosmic rays, it is important to
analyze the spectral behavior and composition above the ankle as well in
order to get a handle on the extragalactic contribution. Recent results by
the Auger collaboration show that even here, the composition seems to
become heavier towards the high-energy cutoff of the cosmic ray spectrum
[29].
Composition-dependent cosmic ray transport through the Galaxy has been stud-
ied intensively in the past years, leading to the development of different numer-
ical tools [30, 31, 32], for a detailed description, see Section 2. The GALPROP
code was developed in the 1990s and for the first time provided a tool with real-
istic molecular distributions in the Galaxy, necessary to describe among others
the longitude- and latitude-dependent, diffuse gamma-ray emission in the GeV
energy range [30]. The transport equation solved numerically in GALPROP
has the options to include a source term from discrete sources and/or a source
distribution, diffusion, convection, diffusive re-acceleration, energy loss, frag-
mentation and radioactive decay. The GALPROP code includes propagation
in 3D, as well as 3D-maps of the Galactic magnetic field and the gas in the
Galaxy. It also includes the interstellar radiation field, which contributes to
inverse Compton scattering.
GALPROP has among others been used to estimate the production of cosmic
ray secondaries like gamma-rays from pi0−decays and positrons from charged
pion decays. In particular, it can be used to fit the observed gamma-ray sky,
see e.g. [33, 34, 35]. Further, the code is applied to determine the extragalactic
gamma-ray background [36]. It has also been shown that, for a given source dis-
tribution function using a diffusive transport equation, the Milky Way behaves
like a calorimeter [37]. In the modeling, a generic cosmic ray spectrum and with
no discrete, known sources is typically assumed. Approaches using discrete,
nearby supernova remnants with a generic cosmic ray spectrum with a diffusive
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transport equation were used in [38] and [39] and could reproduce the observed
increasing ratio of positrons to electrons and positrons. Similar results are found
in calculations for SNRs from heavy stars [40, 41]. The PAMELA data show
that the contribution of positrons to the electron and positron spectrum is rising
towards higher energies [42], which cannot be explained by the typical results
received with the GALPROP code, using a distribution of sources and with-
out including discrete sources in the neighborhood. Results on the electron and
positron spectra are now available form the AMS-02 experiments, improving the
results and confirming the unexpected trend of an increasing positron fraction,
which does not show a clear sign of a turnover yet [43]. Including positrons
produced in cosmic ray interactions in nearby SNRs can produce the signa-
ture. Further observation features like the excess of microwave- and gamma-
rays emission in the Galactic halo, named the Fermi-bubbles (GeV energies) and
the WMAP-haze (22− 90 GHz), could be due to an enhanced number of SNRs
towards the Galactic center [44]. In [45], the signal is interpreted as a possible
signature from AGN activity or from a bipolar Galactic wind. A similar devi-
ation from expected cosmic ray features is observed in the arrival direction of
cosmic rays. Several experiments observe a large-scale anisotropy in the cosmic
ray spectrum at around 10 TeV, which is at a level of ∼ 6 · 10−4 [46, 47, 48, 49,
e.g.]. The feature cannot be explained by the Compton-Getting effect, i.e. the
motion of the solar system through the Galaxy, which implies that the feature
must arise from the interstellar medium. Either the magnetic field structure
or the source distribution can be the reason [50, 51, 52]. Alternatively, a local
stream from an ancient supernova remnant in our local environment can explain
the anisotropy [53].
In the recent years, in a huge effort to improve numerical modeling of cosmic
ray transport, two other tools have been developed, both providing a cross-
check for the GALPROP results and also providing other, improved features.
The DRAGON code builds on previous GALPROP results and includes major
improvements including a generalization of the diffusion process by introducing
a radial dependence of the diffusion coefficient [31, 54]. The PICARD code
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was developed in order to be able to use a full diffusion tensor [32]. Here, a
large effort was put on the implementation modern numerical methods to solve
the partial differential equation and by that improving performance [32]. Both
codes have included a spiral structure of the Milky Way [55, 56]. This way,
electron and positron spectra including the new features revealed by AMS02
and PAMELA can be described with more realistic primary spectra as before.
In previous investigations with the different propagation tools, the normal-
ization of the hadronic cosmic ray spectrum in the numerical framework is typi-
cally done using the total observed cosmic ray energy at Earth. No information
from individual sources is considered and the normalization to the spectrum
itself has therefore not been a major focus of previous work. In this paper,
we focus on investigating the spectral behavior and the total cosmic ray energy
budget to determine if observations of these two quantities match the hypothesis
that supernova remnants are the sources of cosmic rays.
While there is no unambiguous proof yet, SNRs are the most promising
source class to explain the cosmic ray energy budget below the knee. In a
simplified calculation, it is assumed that a typical supernova explosion provides
a kinetic energy budget of ESN ∼ 1051 erg. If the cosmic ray spectrum below
the knee represents a Galactic cosmic ray flux focussed within the Galactic
plane, the inferred cosmic ray luminosity in the Galaxy is approximately LCR ∼
2 · 1041 erg/s, within an uncertainty of about an order of magnitude as derived
in e.g. [57]. Supernova explosions occur at an approximate rate of n˙ ∼ (1/50−
1/100)yr−1 1. Assuming now that a constant fraction η of the kinetic energy is
converted to hadronic cosmic rays, it can be shown that η needs to be on the
order of 10% in order for SNRs to explain the total cosmic ray energy budget,
LCR ≈ 2 · 1041 erg/s ·
( η
0.1
)
·
(
n˙
0.02 yr−1
)
·
(
ESN
1051 erg
)
. (5)
While the above presented calculation shows qualitatively that the total cos-
1In [58], the core collapse supernova rate is derived to be 1.9± 1.1 per century. We assume
approximately 1− 2 SN per century which is compatible within the uncertainties.
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mic ray energy budget up to the knee can be produced by SNRs, a quantitative
proof using realistic SNR energy spectra has not been possible. In particular,
this back-of-the-envelope calculation assumes that all SNRs have (a) the same
energy budget; (b) the same spectral index; (c) the same maximum energy. The
theory of particle acceleration in SNRs, however, suggests that the SNR cosmic
ray spectra actually change with time, both concerning all three parameters. A
mixture of these parameters will therefore provide the average propagated cos-
mic ray energy spectrum. It is important to show that a realistic distribution
of parameters actually does lead to the correct spectral behavior and energy
budget.
In this paper, we use the proton spectra derived gamma-ray data from 21
well-studied SNRs in [17] in order to investigate if the class of gamma-ray emit-
ting SNRs can account for the cosmic ray proton energy budget. It is the first
time that pieces of information from such a large sample of individual rem-
nants is available. The studied population includes about 10% of all supernova
remnants which should be active simultaneously in the Galaxy2. The observed
cosmic ray budget comes from the diffused pool of cosmic rays in the Galaxy,
produced within the lifetime of cosmic rays in the Galaxy, i.e. τesc ∼ 107 years
[59]. As an individual SNR is only active for τSN ∼ 104 years, the observed cos-
mic ray flux will be the average flux of a mixture of hundreds of sets of SNRs as
we see them today, but with spectra and energy budgets distributed differently
as they are today. In this approach, we assume that the γ−ray detected sample
is representative for the entire population of SNRs at a fixed time. We therefore
use the Nγ−SNR = 21 spectra and simulate the propagation of the local spectra
through the Galaxym times (withm as a large number, as described later in the
paper). Finally, we reweight the spectrum by dividing by the number of SNRs
2Here, we assume a rate of supernova explosions of n˙ ∼ 0.01 − 0.02 yr−1 with effective
acceleration in the Sedov-Taylor phase over approximately τSN ∼ 10, 000 years. A total
number of approximately NSNR = 100 − 200 SNRs should therefore be active cosmic ray
accelerators at a given time
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simulated, m, and multiplying by the actual number of SNRs that are expected
to be active at a time, i.e. NSNR = 100. This procedure will be described in
more detail later when describing the method, in Section 2. In following this
procedure, the concrete SNRs are placed randomly in the Galaxy, with a weight
corresponding to the expected supernova explosion density in the Galaxy. The
resulting cosmic ray spectrum is given by the average flux of these populations.
For our simulation, we use the GALPROP code [60, 30, 33]. This way, we can
use the spectra observed at this instant of time and derive an average spectrum
produced on average within the lifetime of cosmic rays.
As a result from these simulations, we draw conclusions if and under what
constraints the observed population of gamma-ray emitting SNRs can represent
the population responsible for the cosmic ray flux below the knee. With our
simulations, we can both test the spectral behavior and the total energy budget
of the sources.
This paper is organized as follows: In Section 2, we describe the approach
used to achieve our goal, including a short description of the tool GALPROP
for Galactic cosmic ray propagation and a detailed description of the implemen-
tation of the SNR spectra with individual spectral normalizations. In the same
section, the back of the envelop calculation is tested in order to validate the
method. The results of our simulations using the individual SNRs are presented
in Section 3 and they are discussed in detail in Section 4.
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2. Method
2.1. Description of the numerical approach
In order to estimate the gamma-ray emitting SNRs’ contribution to the ob-
served cosmic ray flux, we use the GALPROP tool [60, 30, 33] with its previous
applications summarized in Section 1. As our results will mostly concern the
discussion of the energy behavior of a constant diffusion coefficient in order to
keep the number of free parameters to a minimum, we will use the GALPROP
software in this paper. Additional features as provided by DRAGON and PI-
CARD are not considered at this stage and might become interesting to take
into account in future investigations. In the GALPROP program, the transport
equation is solved numerically using the Crank-Nicholson method, including the
following terms:
dn
dt
(~r, t, E) = Q(~r, t, E) +∇(Dxx∇n− ~U n)) + ∂
∂p
[
p2Dpp
∂
∂p
n
p2
]
− ∂
∂p
(
(
dp
dt
− p
3
∇ · ~U) · n
)
− n
τf
− n
τd
. (6)
Here, p is the momentum of the particle, n is the particle density per momen-
tum at a given point in space r and Q is a cosmic ray source spectrum at the
source. The latter can either be represented by discrete sources or a continuous
source distribution. Plain, scalar diffusion and diffusive re-acceleration is mod-
eled with the constant coefficients Dxx and Dpp, respectively. The coefficients
are usually modeled to match the observed secondary-to-primary ratio of cos-
mic rays [30] and we will discuss details of what exact parameters we use in this
simulation below. The velocity ~U is the drift velocity of the particles in case of
convection. Fragmentation and radioactive decay happen on time scales of τf
and τd, respectively. Focused acceleration as discussed in [61] is not considered
here. Particle species considered are leptons and hadrons, and their secondaries
through propagation. All parameters depend on the particle species under con-
sideration. The output of the program includes hadronic and leptonic spectra,
as well as the gamma-ray emissivity in every grid point. The latter results
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from synchrotron radiation, bremsstrahlung, inverse Compton scattering and
hadronic interactions. All details of the program can be found at [60, 30, 33].
The specific settings and concrete method applied in this paper is described
below.
2.1.1. Cosmic ray spectra from gamma-ray measurements
In this paper, gamma-ray observations are used to derive proton spectra
from individual SNRs, observed in the Milky Way at this instant of time. We
use the proton spectra for 21 SNRs as derived in [17], assuming that the sample
is representative for a SNR population at a given time. The source spectra
jp(T ), with T as the kinetic energy of the particle, and with [jp] = 1/MeV are
parametrized as follows:
jp(T ) = ap
√
T 2 + 2Tmc2
T 20 + 2T0mc
2
T + 2Tmc2√
T 2 + 2Tmc2
tanh
(
T
Tmin
)
exp
(
− T
Tmax
)
. (7)
Here, ap and m represent the normalization constant and the proton mass, re-
spectively. In [17], a low energy cutoff is applied at Tmin = 10 MeV via a tangent
hyperbolicus function in order to have a smooth transition. At high energies,
the cutoff at kinetic energy Tmax is performed via an exponential function. As
we focus on the CR energy range from ∼GeV to ∼PeV in this paper, the low
energy cut off is not applied in our simulations. The reference energy T0 appears
for a simpler parametrization of the function and is chosen to be T0 = 1 TeV.
Table 1 summarized the basic input parameters for the individual source spectra
as they are provided by [17].
Figure 1 shows the proton spectra at the source. The individual spectra
differ significantly from each other: Their total cosmic ray energy budget varies
from 1047 erg to > 1050 erg. Some spectra show a clear, early cutoff, others are
flat and allow for a spectrum that continues up to the cosmic ray knee, i.e. up
to 1015 eV in energy. For those sources that do not reveal a cutoff in gamma-ray
data at this point, we assume that they continue up to the knee. This is the
most optimistic scenario. It can be expected that in reality, a fraction of these
sources actually has lower maximum energies, but at this point, it cannot be
12
SNR d tage αp ap Tmax ECR,tot RA Dec
[kpc] [kyr] [1039/MeV] [GeV] 1047 erg
3C391 7.2 4.0 2.6 44964.2 106 3081.2 18h 49m 25s -00◦ 55’ 00"
W41 4.2 100.0 2.4 52175.2 106 4438.1 18h 34m 45s -08◦ 48’ 00"
W33 4.0 1.2 2.1 29694.1 106 966.0 18h 13m 37s -17◦ 49’ 00"
W30 4.0 25.0 2.9 19853.4 1.4 · 104 681.9 18h 05m 30s -21◦ 26’ 00"
W28 1.9 33.0 2.8 9952.4 106 1874.6 18h 00m 30s -23◦ 26’ 00"
W28C 1.9 n/a 2.5 2331.8 106 29.3 17h 58m 56s -24◦ 03’ 49"
G349.7+0.2 18.3 10.0 2.4 332128.6 106 3155.2 17h 17m 59s -37◦ 26’ 00"
CTB 37B 13.2 1.8 2.1 29721.8 106 3745.9 17h 13m 55s -38◦ 11’ 00"
CTB 37A 7.9 16.0 2.6 92854 106 1241.3 17h 14m 06s -38◦ 32’ 00"
SN 1006 2.2 1.0 2.3 2676.1 106 1227.6 15h 02m 50s -41◦ 56’ 00"
Puppis A 2.0 4.6 2.5 4719.8 106 231.2 08h 22m 10s -43◦ 00’ 00"
Vela Jr 1.3 4.8 1.8 16348.6 4.4 · 104 1389.6 08h 52m 00s -46◦ 20’ 00"
MSH 11-62 6.2 1.3 1.7 2869.8 46.0 4.2 11h 11m 54s -60◦ 38’ 00"
W44 3.0 10.0 2.6 258.4 58.7 1.1 18h 56m 00s 01◦ 22’ 00"
G40.5-0.5 3.4 30.0 2.0 22697.4 106 71.2 19h 07m 10s 06◦ 31’ 00"
W49B 10.0 1.0 2.9 76237.4 106 1323.3 19h 11m 08s 09◦ 06’ 00"
W51C 6.0 26.0 2.4 118406.8 106 7872.5 19h 23m 50s 14◦ 06’ 00"
IC443 1.5 3.0 2.7 6046.8 106 85.2 06h 17m 00s 22◦ 34’ 00"
Cygnus Loop 0.6 15.0 2.9 93.2 106 251.9 20h 51m 00s 30◦ 40’ 00"
Cas A 3.5 0.3 2.3 19276.6 3.7 · 104 2317.8 23h 23m 26s 58◦ 48’ 00"
Tycho 3.5 0.4 2.3 2678.0 106 1813.6 00h 25m 18s 64◦ 09’ 00"
Table 1: Basic input parameters of the 21 remnants in used here: d is the distance to the
SNR, tage gives the SNR’s age, αp is the spectral index of the source spectrum, while ap
gives the normalization constant at the reference kinetic energy T0 = 1 TeV. Further, Tmax
represents the maximum energy of the spectrum, which is taken to be 1 PeV in those cases
where no clear cutoff could be identified in the data. ECR,tot = η ·ESNR represents the total
energy budget going into cosmic rays. RA/Dec provide right ascension and declination. All
parameters are taken from the work of [17].
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Figure 1: Figure of SNR proton spectra at the source. These spectra are used to be propagated
within GALPROP and to estimate the contribution of SNRs to the detected CR spectrum.
derived which ones and how many. This is why we consider this paper as a
first, maximum scenario of how much these sources can contribute to the CR
spectrum. In the future, when data from HAWC and CTA are available, this
analysis can be redone with higher precision.
2.1.2. Simulation of individual SNRs as sources of the cosmic ray flux at Earth
The cosmic ray spectrum at Earth represents the average of cosmic ray
spectra, over the time period that cosmic rays diffuse through the Galaxy, i.e.
τesc ≈ 107 years. During this time, ∼ 100 SNR populations contribute to the
average cosmic ray flux. The positions of these SNRs follow the distribution of
massive stars in the Galaxy, assuming that the SNRs are active for 10, 000 years
or more. Here, we describe the procedure of how we use the sample of today’s
population to calculate the diffuse cosmic ray flux that has been averaged from
earlier SNRs over the years:
1. We use those Nγ−SNR = 21 spectra derived in [17] as representative for one
SNR population. The sample discussed above only makes up a fraction of
the total population, as the sensitivity of gamma-ray telescopes is basically
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limited to some 8 − 10 kpc distance from Earth and does not provide
data for typical SNRs from across the Galaxy. If we assume that the
supernova rate in the Galaxy is n˙ ≈ 0.01− 0.02 yr−1, and that one SNR
actively accelerated cosmic rays in the Sedov-Taylor phase, lasting tSNR ≈
10, 000 yrs, there are about NSNR ≈ 100−200 active cosmic ray emitters at
a given time. This is consistent with the number of shell-type SNRs that
are well-identified at radio energies and catalogized in the Green catalog
[62]. Here, the number is close to 300. However, it should be kept in mind
that radio emission is expected to happen even after the Sedov-Taylor
phase, up to 105 years or longer. So, while a larger number of radio SNRs
than documented in Green’s catalog is actually expected to be present in
the Galaxy, only the stronger radio emitters are expected to be cosmic
ray emitters and the detected numbers of strong radio emitters therefore
provide a rough cross-check of active cosmic ray emitters.
The sample of SNRs we use here therefore provides us with a fraction
1/α =:
Nγ−SNR
NSNR
≈ 1/8 (8)
of all SNRs that contribute to the cosmic ray spectrum. Once we receive
or final result of the cosmic ray proton spectrum at Earth from those 21
SNRs, we therefore have to weight the normalization with a factor of α in
order to calculate the total energy output of all SNRs in the Galaxy.
2. In order to take into account the fact that the cosmic ray spectrum ob-
served at Earth today represents the average of SNRs active for the past
107 years, we place those spectra with individual normalization and spec-
tral index at random positions in the Galaxy. It is not known, where in the
past 107 years SNRs have been active, but the distribution of supernova
explosions should follow the mass distribution in the Galaxy. We therefore
use this distribution in order to weight the probability of an SNRs being
placed on the grid of the Galaxy in the GALPROP simulation. Specifi-
cally, we use the distribution function of [63] implemented in GALPROP
to implement the weighting. It is clear at this point, that this description is
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not optimal and does not fully represent the true distribution of SNRs [64].
At this point, it will be considered as a first-order approximation. Future
work will include more precise distributions as for instance presented in
[64]. For the first order approach that we follow here, the precision of the
distribution presented in [64] suffices. As this provides us with a number
in (x, y) out of R2, but GALPROP as a numerical tool parametrizes the
Galaxy on a grid with a certain spacing (δx, ∆y), we move the source sim-
ulated at a random position with a distribution-weight to the grid-point
closest to the result. As the grid-size is typically significantly larger than
the size of a single SNR, i.e. ∆x, ∆y  10 pc, this implies we simulate
SNRs as point-like sources.
3. For statistical reasons we simulate a large number of supernova remnants,
m, that blow up simultaneously and are active for 10,000 years. Each of
the SNRs randomly receives one of the energy spectra drawn from the set
of 21 SNRs. The cosmic ray flux generated by these m SNRs will then
be weighed by the average number of SNRs considered to be active in a
certain time frame: As a total number of SNR we choose m = 10, 000
or m = 20, 000 (depending on the specific simulation) and we will show
in the result section that this provides us with reasonable statistics. For
the true, average number of SNRs active in the Galaxy at one time, we
use NSNR = 100. As explained earlier, the detected number of SNRs in
the radio is close to 300, but it is expected that only the brightest radio
sources actually do contribute significantly to the total flux of cosmic rays,
as these represent the younger SNRs that are able to accelerate to high
energies. There is obviously an uncertainty attached to this number, which
we consider to be a factor of ∼ 2. Hence, in order to have a correct scaling
of the normalization, the resulting properly normalized cosmic ray flux is
obtained by reweighting the flux that is simulated with m SNRs, Φm by
the fraction NSNR/m, e.g. as
Φres =
NSNR
m
× Φm = 100
10, 000
× Φm . (9)
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This procedure is straight forward, however, a few things should be kept in
mind: The sample of 21 SNRs used to derive individual CR spectra at this point
still only represents about 1/5th to 1/10th of the total SNR population. It is not
entirely clear yet if this sample is fully representative for the population of cosmic
ray emitting SNRs. Gamma-ray observations are done with good energy and
spatial precision in the GeV (Fermi) and TeV (H.E.S.S./MAGIC/VERITAS)
ranges. This corresponds to cosmic ray energies from around a few GeV up to
approximately 100 TeV and thus does not include the knee region. There may
exist flat cosmic ray sources that are not very prominent at below TeV gamma-
ray energies, but which, due to their flat spectrum, contribute to the total
cosmic ray spectrum. Thus, today’s sample may not be statistically complete.
Future measurements with HAWC [65] and CTA [66] will help to provide a
complete sample, as with these next generation telescopes, the sensitivity will
be enhanced to have a full view of the entire Galaxy in gamma-rays, and the
energy range is expected to be increased up to values of 100 − 300 TeV. The
analysis of the spectrum done here should therefore be considered as a starting
point - in a few years from now, this procedure can be repeated, with higher
statistical significance and more knowledge about SNRs as potential sources of
Galactic CRs.
2.1.3. Normalization of individual SNR spectra in GALPROP
First of all it should be noted that the CR normalization in standard GAL-
PROP applications is usually fixed by globally scaling the calculated cosmic ray
density such that the observed CR flux at Earth is met. In the approach pre-
sented in this paper, the idea is to fix the normalization by the rate of particle
injection of the individual SNRs into the Galaxy. Hence, from the technical
viewpoint a key ingredient is to rewrite the source spectrum jp(T ) in terms of
the internal GALPROP units. A pragmatic approach to determine the needed
conversion factor is to compare the calculation of the luminosity L in GALPROP
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with the corresponding integral expression on the basis of jp(T )
L = ξR2SNRc
∫ 1e9 MeV
10 MeV
dT β T jp(T )/VSNR . (10)
Here, VSNR = 4/3pi R3SNR is the volume of the SNRs with a radius RSNR. Note
that ξ = 1/2 corresponds to the case where the CR particles stream out of the
SNR in radial direction. In contrast to that ξ = 1 arises from an averaging
assuming that the CRs move in random directions inside the SNRs. The afore-
mentioned comparison leads to the following relation between the initial source
function q1(p(T )) as implemented in GALPROP. Further details can be found
in the GALPROP documentation [67, 60] or by directly checking the source
code file cr_luminosity.cc.
In this case, the spectrum parametrization jp(T ) in GALPROP becomes
q1(p(T )) = α
c2R2SNRβ
2
4piVgrid
jp(T ). (11)
In an alternative approach, the luminosity can be derived from the total en-
ergy Etot of protons in the SNR via L = Etot/τ with a time-scale τ , representing
the distribution of the total energy over the total lifetime of the remnant,
L =
1
τ
∫ 1e9 MeV
10 MeV
dT T jp(T ). (12)
Using this expression for the luminosity, one finds
q′1(p(T )) =
βcR3SNR
3Vgridτ
jp(T ). (13)
Assuming that Etot is the energy of the SNR converted into protons and τ is the
life time of the SNR, L = Etot/τ can be interpreted as the average luminosity
in CRs.
It is a typical approach in gamma-ray astronomy to derive the total cosmic
ray energy budget in order to estimate the SNRs possible contribution to the
total cosmic ray budget. A back-of the envelope calculation predicts that the
observed cosmic ray luminosity of the Galaxy (about 3 · 1040 erg/s) can be
reproduced if on average, 1050 erg are going into a single SNR at a Supernova
rate of (1/50−1/100) yr−1. Here, it is assumed that cosmic rays are injected into
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the interaction region continuously at a constant rate during the lifetime τ with
the total energy going into cosmic rays conserved over time. It is clear that this
is a simplifying assumption, as it is known that at least the energy spectrum is
changing with time, in particular concerning the reduction of maximum energy,
see e.g. [68]. For energy spectra steeper than E−2, the total energy budget
is dominated by the lower integration threshold, so effects from this temporal
development should be relatively small. It is also specified in [68] that the
total energy of the SNR is decreasing with time due to cooling effects. This
would mean that, if we assume a constant fraction of the SNR energy going into
cosmic rays at a given time, the actual average luminosity of cosmic rays would
be underestimated in particular for old remnants. It is not clear, however, if the
fraction of energy going into cosmic rays is constant over time or if it actually
decreases with the available energy budget. Thus, we judge that in first order
approximation, it seems reasonable to estimate the total energy of the remnant
from the given value, keeping in mind the above discussed uncertainties. In this
paper, this normalization scheme, i.e. following the total energy argument, will
be followed. This scheme normalizes the individual SNRs with respect to each
other as well as each SNR individually, so that the final result will be both a
realistic spectral energy behavior as well as normalization of the spectrum.
2.1.4. Including CR Nuclei
Although the source spectra taken from [17] are only provided for CR pro-
tons, it is possible to include CR nuclei in GALPROP simulations (see chapter
5.5 in [67, 60]). To do so, the initial source function of nuclei qA(pA) with mass
number A and momentum pA is related to q1(p1) by the relative abundance X
according to
X =
AqA(pA)
q1(p1)
. (14)
In this context two remarks have to be made:
1. Due to the high energy cut off in equation (7) X is not independent of the
energy in what follows.
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2. Including CR nuclei injection, the total energy in hadrons of the SNRs
is artificially increased. The energy budget can approximately be derived
following [17] by down-scaling the proton normalization ap in equation (7)
appropriately.
Here, simulations are performed for all nuclei, but the resulting energy spectra
are only discussed for protons. In the future, the heavy nuclei spectra will be
discussed as well in order to investigate other questions connected to cosmic
ray observations, sources and transport. Photohadronic effects as well as photo
spallation is typically negligible at the given length scales and electromagnetic
fields in the Galaxy.
2.1.5. GALPROP settings
GALPROP provides the user with a large number of parameters that can be
changed to follow the users needs. Most of these were left unchanged with re-
spect to version 54.1.984. In this section, we summarize what has been changed
and which parameters were varied. All changes to the galdef-file are summarized
in table 2. The main changes are discussed below:
1. The normalization scheme
In order to investigate normalization and spectral behavior, the original
GALPROP code must be modified. In its current version we are able
to provide individual SNRs with their own parameters as been measured
or obtained by specific analyses, see [17]. The sources are injected with
their spatial parameters, such as their distance to Earth and their actual
extension. Each SNR is provided with a set of spectrum normalization,
spectral index and maximum energy, provided by 21 individual sets given
in [17]. Here, for each SNR, the position is injected randomly, weighted
by a source distribution function. As GALPROP propagates particles on
a grid, each randomly drawn position is internally set to the closest grid
point.
2. The Galaxy size
The Galaxy is treated as a three dimensional object and the grid points
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are arranged with a distance of dgrid = 1 kpc from each other. Thus,
the SNRs can effectively be seen as point-like sources. In our analysis, we
tested two Galaxy sizes. In the small galaxy configuration the horizontal
plane ranges from −10 kpc ≤ (x, y) ≤ 10 kpc, while the large Galaxy
doubles the small Galaxy in each direction. We use the small Galaxy
size only for first tests as simulations are quicker for this smaller size
simulation. We show only the first graph of our results with both Galaxy
sizes, as they deliver comparable results in all simulations. The vertical
component remains constant for both configurations and extends over a
range of −4 kpc ≤ z ≤ 4 kpc.
3. The diffusion coefficient
Furthermore, the diffusion coefficient has been varied in our simulations in
order to analyze the energy budget of the resulting cosmic ray spectrum.
We compare the Kolmorogov-type diffusion with Dxx = Eδ and δ = 0.33
to a steeper diffusion with δ = 0.5.
4. The individual supernova remnants
The analyses cover two settings of SNR types. The first can rather be
seen as the standard SNR as it has a fixed total energy ECR,tot = 1050 erg
and also a fixed spectral index, where three cases are investigated: αp =
2.0, 2.3, 2.5. This is done in order to test if the back-of-the-envelop calcu-
lation presented in the introduction and often used as an argument that
SNRs can be the sources of Galactic cosmic rays actually holds, even in
this more advanced calculation.
The latter type takes into account the individual SNR parameters as de-
rived in [17]. It is the aim of this paper to investigate if these gamma-ray
emitting SNRs can be the sources of Galactic cosmic rays. In order to
quantify how reliable the results are with respect to the primary cosmic
ray spectra as derived in [17], the primary cosmic ray spectral indices of
all SNRs have been allowed to vary within a 1σ uncertainty. This way, for
the final result, a 1σ error band can be drawn and the uncertainty of the
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spectrum can be estimated.
Parameter Unit Original Galdef Our Modifications
Grid options and spectra
r_min kpc 0.0 0.0
r_max kpc 30.0 25.0
x_min kpc 0.0 -20.0
x_max kpc +20.0 +20.0
dx kpc 0.2 1.0
y_min kpc 0.0 -20.0
y_max kpc +20.0 +20.0
dy kpc 0.2 1.0
z_min kpc -4.0 -4.0
z_max kpc +4.0 +4.0
dz kpc 0.1 0.2
p_min MV 1000.0 1000.0
p_max MV 4000.0 4000.0
p_factor 1.2 1.3
Ekin_min MeV 1.0e1 1.0e1
Ekin_max MeV 1.0e7 1.0e9
Ekin_Factor 1.2 1.3
E_gamma_min MeV 0.1 100.0
E_gamma_max MeV 1.0e6 1.0e6
E_gamma_factor 10.0 1.5
long_min deg 0.5 0.0
long_max deg 359.5 360.0
lat_min deg -89.5 -90.0
lat_max deg +89.5 +90.0
d_long deg 10.0 1.0
d_lat deg 10.0 1.0
Table continues on the next page
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Parameter Unit Original Galdef Our Modifications
healpix_order 7.0 6.0
Cosmic Ray propagation parameters
nuc_rigid_br MV 1.0e4 1.0e2
nuc_g_1 2.23 2.43
nuc_g_2 2.43 2.43
inj_spectrum_type rigidity powerlaw
electron_g_0 2.1 2.5
electron_rigid_br0 MV 1.0e3 1.0e3
electron_g_1 2.3 2.50
electron_rigid_br MV 1.0e4 1.0e3
electron_g_2 2.50 2.50
Parameters controlling interstellar medium
He_H_ratio 0.11 0.11
n_X_CO 10.0 9.0
X_CO 1.9e20 1.9e20
max_Z 28.0 1.0
Parameters controlling propagation calculation
start_timestep years 1.0e7 1.0e9
end_timestep years 1.0e1 1.0e2
timestep_factor 0.5 0.5
timestep_repeat 20.0 20.0
network_iterations 1.0 2.0
network_iter_compl 1.0 2.0
Table 2: This table gives an shows parameters that have been
changed due to the standard GALDEF file as can be found in the
GALPROP manual [60].
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3. Results and Conclusions
In this section, we show the results from the simulation as described above.
We focus on the energy range from 10 GeV upward, as gamma-ray measurements
have precise results between ≈ 1 GeV and 10 TeV, corresponding to a cosmic
ray energy of about 10 GeV to 100 TeV. Those spectra that do not show a cutoff
up to 100 TeV cosmic ray energy are extrapolated with an assumed cutoff in
the knee region.
3.1. Validation of the method
In order to validate the approach chosen here, we use the full GALPROP
simulation to test two things: first of all, we simulate individual spectra for
1, 000, 10, 000, 20, 000 and 30, 000 SNRs in order to cross-check the statistical
convergence. Figure 2 shows the spectra for the different numbers (top) and
the ratio with respect to the simulation of the highest number (30, 000 SNRs,
bottom). Here, we test how many SNRs have to be simulated in order to
receive a statistically relevant result. The figure shows the CR spectrum for
simulated 1, 000, 10, 000, 20, 000 and 30, 000 SNRs, always normalized to the
true number of SNRs in the Galaxy at one time, see Equ. (9). Thus, in the
ideal case, they should give the same result, and higher numbers should result
in a more precise calculation. This becomes evident when looking at the flux
ratio, where deviations with respect to the largest number of simulated SNRs
(30, 000) become smaller. In the case of 20, 000 SNRs, deviations are on the
order of 1% and we use this number for all following calculations.
Secondly, we test the standard approach, i.e. all sources have the same spec-
tral behavior, luminosity and maximum energy as it is presented in Section
1. Here, each simulated SNR receives the same spectrum, with a normalization
corresponding to a total cosmic ray luminosity of 2·1041 erg/s (compare Equ. 5).
Concretely, the spectral behavior is assumed to be a power-law with a spectral
index γ at the source and a maximum energy Emax = 1015 eV:
jstandard = A ·
(
E
E0
)−γ
· exp
(
− E
Emax
)
. (15)
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Figure 2: Simulation of individual SNRs, for 1, 000, 10, 000, 20, 000 and 30, 000 SNRs, always
normalized to the true number, i.e. 100.
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While the standard approach in text books does not rely on the spectral index,
as it only concerns the total energy budget, we test three different indices at the
sources, i.e. γ = 2.0, 2.3, 2.5. The diffusion coefficient is assumed to follow an
E1/3-behavior, representing a Kolmogorov spectrum. In principle, the energy
behavior could be as strong as E0.6. But as the change in the primary cosmic ray
spectrum towards steeper spectra has the same effect as changing the diffusion
coefficient to a stronger energy behavior, we refrain from changing the diffusion
coefficient in this test and only change the primary spectrum.
Figure 3 shows how the spectra change for different number of simulated
SNRs, i.e. 1, 000, 10, 000, 20, 000 and 30, 000 for the case of E−2.3. It can be
shown that the spectra converge for larger numbers of SNRs and that the dif-
ferences between the simulation of 10, 000 and 20, 000 SNRs are below 1%. We
therefore use 10, 000 SNRs for this simulation in the following.
Figure 4 shows the spectra for the large (upper line in each set) and small
(lower line) Galaxy in the standard approach, where all sources are treated the
same. Firstly, it can be noted that the differences of the spectra for the small
and the large Galaxy are rather small and can be considered as negligible given
the larger uncertainties of the input parameters. We therefore only show results
for the large Galaxy in the following sections. Secondly, it is shown here that the
cosmic ray flux is generally underestimated by a factor of a few (approximately
2 − 5). Only for very flat injection spectra, i.e. E−2, in combination with
Kolmogorov-type diffusion results in an overestimation at the highest energies.
This combination is, however, the flattest spectrum that is generally possible
and it actually underestimates the energy budget at the lowest energies by a
large amount. This is therefore not a realistic scenario. For steeper spectra (or
larger energy dependence in diffusion), a deviation from data by a factor of 2−4
is certainly within the errors of this calculation: parameters like the supernova
rate and the average energy budget of the SNRs are highly uncertain. Thus,
we consider this result as compatible with the back-of-the-envelop calculation
concerning the energy budget. The spectral behavior, on the other hand, does
not follow a single power-law. For low energies, i.e. below a few TeV it matches
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Figure 3: The standard approach with a generic E−2.3 spectrum and the same normalization
for every SNR. Here, the total number of 10,000 simulated supernova events is sufficient as
the statistical error reduces to below 1% between a simulation of 10, 000 and 30, 000 SNRs.
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Figure 4: This figure shows the comparison of the cosmic ray flux between different generic
spectral indices, E−2.0, E−2.3 and E−2.5 by using the standard approach. The blue lines
show the small galaxy, while the blue line represents the large galaxy configuration.
an E−2.5 primary spectrum (solid line). At higher energies, the spectrum is
better represented by an E−2.3 spectrum (dashed line). For stronger diffusion,
i.e. E0.6, the primary spectra would have to be flatter than this. Such a behavior
at Earth can either be reproduced by a broken power-law at the source, see e.g.
[41, 23, 44] or a broken power-law in the diffusion.
While the spectral behavior is debatable here, it becomes clear that with our
numerical approach, we can reproduce the standard argument of SNRs being
able to reproduce the cosmic ray energy budget. In the following, we will use
realistic individual SNR spectra to test if those spectra that are observed today
can represent the class of source that dominate the cosmic ray spectrum below
the knee.
28
3.2. Results simulating individual SNRs
In this section, we use those 21 SNRs with gamma-ray spectra that can be
explained by hadronic interactions, as described in section 2. Figure 5 shows
the results for a large galaxy with a Kolmogorov-type diffusion coefficient, i.e.
D ∝ E0.33. Error bands show the 1σ interval representing the uncertainty of
the spectral index derived from the gamma-ray spectra. The cosmic ray data
lie within these uncertainties and can be explained by these individual SNR
spectra. Generally, the spectrum is somewhat steeper than what is observed
on large scales. It is obvious, however, that uncertainties are still large and
that future data with higher precision will have to confirm this result. Figure
6 shows the same simulation, but with a diffusion coefficient D ∝ E0.5. Here,
low-energy data, i.e. below 10 TeV are well explained, but the high-energy tail
cannot be reproduced. Figure 7 shows the result for the two different diffusion
coefficients and the large galaxy setting to summarize the main results. These
first results indicate that a Kolmogorov-like diffusion coefficient is well-suited
to explain the cosmic ray flux, while a rather strong energy dependence of E0.5
already leads to a spectrum that is too steep.
3.3. Discussion of uncertainties
The main uncertainties in this calculation are the following:
• We assume the number of sources actually contributing to the spectra at
a given point of time to be ∼ 100. This number could be larger, as close
to 300 radio emitting SNRs have been detected in the Milky Way so far.
However, we use this low value as it is expected that only the brightest
radio SNR are able to accelerate particles to extreme energies.
• We use all gamma-ray detected SNRs that have the potential to be of
hadronic origin. [17] found that 21 out of 24 SNR gamma-ray spectra can
be fitted hadronically, but it is not certain that all of these are dominated
by pi0 decays.
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Figure 5: The CR flux in the large galaxy for simulated 20,000 SNRs, with the individual
injection parameters taken from [17], considering a 1σ error in the spectral index. The diffusion
coefficient has been set to a Kolmogorov-type diffusion, i.e. D ∝ E0.33. Experimental data
taken from CREAM [69], PAMELA [70] and AMS-01 [71].
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Figure 6: The large galaxy with a 1σ error in the individual spectral index. The diffusion
coefficient has been chosen to be steeper than a Kolmogorov-type diffusion. Here, we use
D ∝ E0.5. Experimental data taken from CREAM [69], PAMELA [72] and AMS-01 [71].
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Figure 7: The large galaxy examined with the Kolmogorov-type diffusion (solid, δ = 0.33)
and a steeper diffusion (dashed, δ = 0.50). Both simulations are shown along with the 1σ
error band of the spectral index. Experimental data taken from CREAM [69], PAMELA [72]
and AMS-01 [71].
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• The gamma-ray spectra are given between some GeV and 10 TeV in energy,
corresponding to cosmic ray energies of 10 GeV to 100 TeV. As the cosmic
ray knee lies at about 1 PeV, those spectra that do not show a cutoff up to
100 TeV have to be extrapolated. The low-energy part, i.e. below 10 GeV,
cannot be described properly and is not subject of this investigation.
• The current simulation approach predicts the average CR observable, e.g.
< dF/dT >, but not the proper corresponding variance, e.g. V ar(dF/dT ).
However, the variance or alternative statistical measures are needed to
fully quantify whether the aforementioned discrepancy of < dF/dT > is
statistically significant. As more than those 21 known SNRs are expected
to contribute to the CR flux the variance calculate here would presumably
be an upper limit for the true variance. In future investigations, we plan
to remove this uncertainty by means of changing the method. This will
be described in detail in Section 4.
In the future, with HAWC and CTA data available, it will be possible to draw
even stronger conclusions in particular what concerns the contribution up to the
knee. At this point, our result rather has to be considered as an upper limit: all
physics uncertainties have been considered in a way that the maximum possible
result is received. In particular, all SNRs that can possibly be fit hadronically
have been used and all spectra without a detected cutoff have been extrapolated
with an assumed cutoff at the knee, i.e. at 1 PeV. Thus, the conclusions of this
paper are rather referring to an upper limit rather than a precise flux estimate.
3.4. Conclusions
We simulate the propagation of cosmic rays from individual SNRs in the
Galaxy. We assume that all SNRs have spectra that are represented from a
sample of 21 SNRs with measured gamma-ray spectra that can be fit hadron-
ically. The aim of this paper is to start using gamma-ray data to investigate
if SNRs can be the sources of cosmic rays below the knee. The uncertainties
described above do not allow for a detailed comparison of the measured spec-
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trum with simulations, but they give first evidence of the possible contribution
by gamma-ray emitting SNRs.
The cosmic ray spectrum is within errors well-described by a Kolmogorov-
type diffusion. However, if only a small fraction of the gamma-ray detections
actually have a hadronic origin, it will be difficult to explain the entire spectrum
by using SNRs. The same is true if several SNRs that do not show a cutoff in
their spectrum yet do have an early cutoff. In that case, SNRs would fail to
explain the high-energy part of the spectrum.
Stronger diffusion, i.e. δ = 0.5 fails to explain the high-energy component
of the spectrum as the total spectrum becomes too steep. So, even in the most
optimistic scenario, it becomes difficult to explain the detected spectrum by
SNRs.
The fact that only weak diffusion can describe the detected cosmic ray spec-
trum even in the optimistic scenario has further consequences. It implies that
there is not much room for convection: in our simulation, we neglect any con-
vective effects. Including a convective outflow in the calculations would remove
parts of the energy budget coming from the sources, as some of the energy is
carried out of the Galaxy. That means the simulated spectrum at Earth is
expected to be even lower when convection effects are included. These results
therefore indicate that convection cannot play a major role in the transport of
cosmic rays. Further investigations are necessary to confirm these first results.
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4. Discussion and Outlook
4.1. Discussion
We consider this paper as a first proof of concept that gamma-ray data can
be used in the future to try to constrain the cosmic ray energy budget from
supernova remnants. At this point, the data only allow for an upper limit
calculation: the central conclusion is that the energy budget of the observed
cosmic ray flux can be matched by the population of gamma-ray emitting SNRs.
, they fail to explain the detected flux if...
• ... several of those sources without gamma-ray detected cutoff actually
cuts off earlier than in the knee region;
• ... many of the gamma-ray signatures are lepton-dominated, i.e. produced
by electrons rather than cosmic rays;
• ... diffusion is significantly stronger than the Kolmogorov-case (δ = 0.33).
Future investigations will have to confirm these conclusions. In particular, data
from CTA and HAWC will help to extend the measurements up to cosmic ray
knee energies.
It is still interesting to see that, although gamma-ray measurements show
very diverse spectra, the result matches the observed cosmic ray budget very
well within the uncertainties.
One further conclusion is that that a cosmic ray wind is not needed to
explain the data: without including convection, the energy budget can be well-
reproduced. The introduction of convective effects would reduce the energy
budget observed at Earth and thus possibly lead to the underestimation of the
cosmic ray flux.
4.2. Outlook
One thing that we want to improve in the future is a better quantification of
the variance of the method. To quantify the agreement between the predicted
CR observables statistically, a measure of the variance is needed. The variance
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of the CR observables could be calculated and presented here along with the
mean value. However, this variance has a limited statistical interpretation in the
current simulation approach. It merely measures the spread of the simulated
CR observable which is induced by randomly selecting positions for the 21 SNR
in the Galaxy. In particular, this variance would decrease if the number of SNRs
would be increased. It is expected that the variance of those 21 known SNRs
pose an upper limit of the true variance. It would be desirable, in particular as
soon as gamma-ray data allow for a more precise calculation of the CR spectra
at the source, to have precise knowledge of the variance. The calculation of the
true variance would require to include temporal aspects of the SNRs - such as
their production rate and lifetime - into our simulation approach. This could
be done as a generalization of our procedure to include spatial aspects via the
selection random positions and mapping of SNRs to the closest grid point on
the spatial simulation grid [73]. As similar issues are already addressed in the
GALPROP manual [67, 60] (see chapter 6), an implementation including the
temporal aspects of SNRs should be feasible.
On longer terms we intend to perform Monte-Carlo (MC) simulations of the
propagation of Galactic CRs. As a basis, we suggest to use the publicly available
CRPropa MC-framework to study the propagation of UHECRs in extragalactic
environments [74]. Especially the redesigned object orientated structure of the
upcoming version 3.0 of CRPropa seems to allow for an easy extensions for
the propagation of Galactic CRs [75]. With today’s computer technologies, a
Monte Carlo treatment of Galactic CRs down to T∼10-100 TeV seems possible
with reasonable run times. For lower energies it may be sufficient to switch to
a diffusive approximation to avoid the time intensive numerical solution of the
equation of motion in the Galactic magnetic field. This method has two central
advantages with respect to the approach of solving the transport equation:
• As single particles are propagated, it is possible to follow each individual
trajectory.
• The method allows for the implementation of arbitrary Galactic field mod-
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els. This means that it is not necessary to assume a diffusion scalar, but
that the particles can travel through a realistic magnetic field. By com-
paring different models, the effect of the magnetic field on the propagation
and detection at Earth is possible. It can even be possible to derive the
diffusion tensor using this method.
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